We recorded from the spiking on-off unit in the first optic chiasm (between lamina and medulla) in the blowfly Calliphora vicina, and investigated its spatial properties. The receptive field extends over (11.4+ 0.9) ~ horizontally and (8.7+0.6) ~ vertically, i.e. about 7 by 5 interommatidial angles. The line spread function of the on-off unit -calculated from its response to moving sinusoidal gratings -has a half-width of (2.3 + 0.2) ~ This half-width is slightly broader than that of the photoreceptor. Lateral inhibition occurs when two different areas of the receptive field are stimulated simultaneously. Fast temporal adaptation (i.e. adaptation to trains of short light pulses) takes place independently in different areas of the receptive field.
Introduction
Arnett (1971, 1972) reported on two spiking units in the chiasm between lamina and medulla in the fly visual system. One of these neurons, the on-off unit, responded with a short spike train when a light was switched on or off within its receptive field. The unit was silent in darkness and during constant illumination. The receptive field of the unit extended beyond that of a single neuro-ommatidium and had an elliptical shape with its major axis horizontally. The other neuron, the sustaining unit, was also silent in the dark, but produced a steady spike train to steady illumination. On the basis of lesion experiments, Arnett (1972) concluded that both units transmit spikes centripetally, i.e. from lamina to medulla.
Recent work confirmed many of Arnett's results for both units, and provided further information regarding the temporal properties of the on-off unit (Jansonius Correspondence to: N.M. Jansonius and van Hateren 1991) . On-off units have a temporal frequency response with a lower cut-off frequency than photoreceptors, and related to this, there is a fast temporal adaptation to trains of short light pulses. This adaptation occurs independently for on-and off-pulses. Moreover, the unit does not respond to contrasts of less than 10%.
In this article we concentrate on the spatial properties of the on-off unit, and show that its rather large receptive field contains several interesting spatial and temporal properties. As many of these properties are non-linear, the sequence of signal processing is not arbitrary. We were able to trace the relative position of several of these successive signal processing stages. A possible functional role for the resulting response is discussed.
Materials and methods

Animals, preparation and electrophysiology.
For all experiments we used the blowfly Calliphora vicina (Calliphora erythrocephala M.), raised in a laboratory culture (F1 to F3) on a vitamin A-rich diet. Female flies, 2-4 weeks old, were immobilized with wax and mounted in the setup. A small piece of cuticle at the posterior surface of the head was removed to open a dorsal air sac. Through this hole the first chiasm was visible lying between the retina/lamina on the one side, and the medulla/lobula complex on the other side. We made extracellular single unit recordings from neurons in this chiasm with tungsten microelectrodes (A-M Systems, type 5760), in unanaesthetised animals. The signal was high-pass filtered at 1 kHz and low-pass filtered at 3 kHz, yielding a noise of typically 10 I~V peak to peak, and spikes between approximately 50 and 100 IxV in different recordings. A detailed description of further data analysis is given by Jansonius and van Hateren (1991) . This article is based on recordings from 24 on-off units. Most of these were frontal units, close to the equator of the eye.
Stimuli. The experiments with moving edges and gratings were performed by exposing the ipsilateral (right) eye of the fly to a CRT (Tektronix 608). This stimulus had a spatial extent of 30 ~ a frame rate of 240 Hz and a mean luminance of 1= 20 cd. m-2 (measured with an EG&G radiometer/photometer 550-1). This produces in the photoreceptor a plateau depolarization of approximately 12 mV. Other experiments were performed on the darkadapted eye with a stimulus consisting of two LEDs (Siemens Response to a horizontally (A) and vertically (B) moving edge. The edge had a contrast of 50% (intensity of the bright side 1.5I, of the dark side 0.5/), and moved at 30 ~ 1 with the bright side leading. Average of 100 stimulus presentations, repetition time 1 s, bin-width 10 ms to more than one neuro-ommatidium. With an interommatidial angle in Calliphora of approximately 1.7 ~ (e.g. van Hateren 1990) , the receptive field of the on-off unit extends about 7 by 5 interommatidial angles. If the onoff response was just a simple adding of the photoreceptor outputs within the receptive field, then the spatial resolution of the unit would be considerably worse than that of a single photoreceptor due to spatial smoothing. Signal processing more sophisticated than simple adding, however, might produce good spatial resolution in spite of the large receptive field. In order to investigate this, we proceeded by measuring the spatial resolution of the on-off unit.
Spatial resolution: response to moving sinusoidal gratings LD57C) placed at a distance of 6 cm from the eye, 5 mm (i.e. about 5 ~ ) from each other.
Results
The receptive field
As a first step in analysing the spatial properties Of the on-off unit, we estimated the size of its receptive field by means of a dark edge of 50% contrast, moving at a speed of 30 ~ s-1. Figure 1 shows the results for a horizontally ( Fig. 1 A) and a vertically (Fig. 1 B) moving edge. We measured (11.4 + 0.9) ~ horizontally and (8.7 + 0.6) ~ vertically for the size of the receptive field (n = 7). This size is defined here as the time span in which spikes are elicited multiplied by the speed of the edge. Errors are given as the standard deviation of the mean (also in the next sections). The difference between horizontal and vertical extent is significant (P~0.025, one-sided paired t-test). Essentially the same results were obtained with edges moving in opposite directions and with opposite contrast. The contribution of temporal smearing to the size of the receptive field as determined in this way is negligible because of the short duration (about 30 ms) of the temporal step response. Hence, the response to a moving edge at this speed gives a reliable estimate of the size of the receptive field. The response is, however, not necessarily a good estimate of the spatial sensitivity profile of the unit.
In another experiment we stimulated a dark-adapted eye with 500-ms light flashes at different positions. Throughout the receptive field as determined with the moving edge, the response was always a transient spike train to both the onset and the cessation of the flash. Like Arnett (1972), we did not find any region in which there was only an on-or only an off-response, or any other type of response.
As the size of the receptive field is much larger than that of a photoreceptor cell [half-width of the angular sensitivity approximately 1.4 ~ Smakman et al. (1984); van ], the on-off unit must be connected One way to quantify the spatial resolution of a visual system or visual neuron is to measure its response to sinusoidal gratings of various spatial frequencies. Here, we stimulated the on-off unit with moving sinusoidal gratings of spatial frequencies between 1 and 10 cycles per 30 ~ The gratings had a contrast of 50% and a temporal frequency (contrast frequency) of 5 Hz. For widefield stimulation, this is the temporal frequency where the on-off unit is most sensitive (Jansonius and van Hateren 1991) . The spatial fusion frequency (i.e. the spatial frequency where the response becomes vanishingly small) was within the range of 6 to 8 cycles per 30 ~ for most units. None of the units responded to a grating of l0 cycles per 30 ~ (n = 1 l). There was no obvious difference between the responses to horizontal and vertical gratings. Figure 2A presents the response of a unit to a grating of 1 cycle per 30 ~ In this response, the temporal frequency of 5 Hz can be readily recognized [no obvious frequency doubling occurs at a temporal frequency of 5 Hz; Jansonius and van Hateren (1991) ]. At higher spatial frequencies, e.g. 5 cycles per 30 ~ (Fig. 2B) , this periodicity disappears (although not always completely). Figure 2C gives the spike rate (in spikes per second, mean of the total stimulus period) as a function of spatial frequency, averaged over 11 units after normalization to the highest spike rate.
Because grating contrast and resulting spike rate may not be linearly related, Fig. 2C can not be considered as a modulation transfer function. In order to correct for possible non-linearities, we measured the response to a spatial frequency of 1 cycle per 30 ~ as a function of contrast (Fig. 3 A) . Combining this with Fig. 2 C, we obtained Fig. 3 B, the contrast sensitivity of the on-off unit as a function of spatial frequency. This is the modulation transfer function. We assumed that the curve of Fig. 3 A is similar for all spatial frequencies.
The curve in Fig. 3 B is a Gaussian fitted to the data. Fourier transforming this Gaussian yields the line spread function of the on-off unit, with half-width (2.3 +_0.2) ~ which is somewhat broader than that of the photoreceptor [for a Gaussian, the line spread function is identical to the point spread function, which has a half-width of approximtely 1.4 ~ in the blowfly photoreceptor, see The curve is a Gaussian fitted to the data. The data point 10 cycles per 30 ~ was omitted (and hence not included in the fit) because a zero response can not be calibrated Smakman et al. (1984) ; ]. This suggests some spatial smoothing within the receptive field.
The half-width of the line spread function of the on-off unit is, however, much smaller than the extent of the receptive field, 11.4 ~ horizontally. A possible explana- of intensity 31 from a constant intensity 1: A 6 pulses of interval lOOms via LED 1; B 11 pulses of interval 50ms via LED 1; C 6 pulses of interval 100 ms via LED 2; D 11 pulses of interval 50 ms via LED 2; E 11 pulses of interval 50 ms alternating via LED 1 and LED 2. The first pulse comes from LED 1. Each stimulus condition is the average of 100 stimulus presentations, repetition time 5 s, bin-width 10 ms. LEDs were placed symmetrically within the receptive field, approximately 5 ~ from each other tion for this discrepancy is that the receptive field consists of several more or less independent subunits, with the subunit limiting the spatial resolution of the on-off unit, and all subunits together constituting the receptive field. In order to explore this, we stimulated the receptive field at different locations, and studied the local behaviour of the fast temporal adaptation, and lateral interactions. Jansonius and van Hateren (1991) have shown that the on-off unit adapts quickly to trains of short light pulses, which is related to the fact that the temporal cut-off frequency is much lower than that of the photoreceptor. In order to investigate the spatial properties of this fast temporal adaptation, we used an experimental paradigm adapted from Osorio (1991) . In our stimulus, two LEDs were placed approximately 5 ~ (horizontally) from each other, symmetrically within the receptive field. This arrangement enables the stimulation of one on-off unit via two different, non-adjacent neuro-ommatidia. We stimulated the eye with short trains of on-pulses (duration 10 ms, intensity 3I, from a constant intensity /). Figure 4A , B shows the response to pulse trains from one LED for intervals of 100 ms and 50 ms, respectively. The responses to the same pulse trains from the other LED are presented in Fig. 4C , D. The response de- creases strongly from the second pulse onwards, particularly with the 50-ms pulse trains (Fig. 4B, D) ; this is the fast temporal adaptation. Interestingly, stimulating the on-off unit with a 50-ms pulse train by means of 100-ms pulse trains from both LEDs in counterphase ( Fig. 4E ) yields responses similar to those of the 100-ms pulse trains on each LED separately. Apparently, the fast temporal adaptation is a local phenomenon, acting independently for different parts of the receptive field of a single on-off unit. This was found consistently in a total of seven cells.
Fast temporal adaptation
Lateral interactions
We investigated lateral interactions within the receptive field by stimulating the eye again via the two LEDs, with the same arrangement as described above. Intensity steps were given either by one of the LEDs, or by both LEDs simultaneously. From a constant intensity/, these steps were to intensities of 0 (' decrement') or 31 (' increment'). Table 1 gives the number of spikes (averaged over 4 units after normalization) in response to various combinations of these steps. The response to simultaneous increments in both LEDs is less than the response to an increment in a single LED. This suggests lateral inhibition within the receptive field. Also, applying simultaneously an increment on one LED and a decrement on the other elicits a response larger than either an increment in one LED or a decrement in the other. This indicates again lateral inhibition, and/or rectification of the response before summation.
Discussion
The four main results reported in this article are the following: firstly, we found that the receptive field of the on-off unit (determined from its response to a moving edge) amply exceeds that of a single photoreceptor (or neuro-ommatidium), and that it is slightly more elongated in the horizontal than in the vertical direction. There is not variation in response shape over the receptive field. These results agree with the results obtained by Arnett on the dark-adapted eye of the fly Phaenicia sericata (Arnett 1971 (Arnett , 1972 . Seconly, we found that the half-width of the line spread function of the unit (calculated from its response to moving sinusoidal gratings) is somewhat broader than that of the photoreceptor, indicating some spatial smoothing. Nevertheless, this spatial resolution is still substantially better than suggested by the large extent of the total receptive field. Thirdly, we found that fast temporal adaptation takes place independently in different areas of the receptive field. Finally, we showed that two increments simultaneously administered to two different areas of the receptive field inhibit each other, whereas a simultaneous increment and decrement lead to an enhanced response. Hence, there is lateral inhibition, and it must occur before the rectification. As reported before (Jansonius and van Hateren 1991) , the on-off unit has several other interesting characteristics: it displays full-wave rectification, the response is transient, the unit has a lower temporal cut-off frequency than the photoreceptors, and it shows fast temporal adaptation, independently for on-and off-pulses. How do all these properties, and the ones mentioned above fit together? In Fig. 5 we propose a model for the neural circuitry of the on-off unit that incorporates its known characteristics. The model consists of a number of subunits. Each subunit averages the output of photoreceptors looking at neighbouring points in space. This yields the poorer spatial resolution of the on-off unit as compared with the photoreceptor. The subunits inhibit each other (as suggested by Table 1) , and their outputs are transient. The resulting signals are subsequently full-wave rectified before a final spatial pooling occurs. This pooling produces the wide receptive field of the entire unit. The fast temporal adaptation takes place at the level of the subunits (being independent for various positions in the receptive field), either before or after the response becomes transient. It must occur before the rectification, because on and off adapt independently.
A neuron with surprisingly similar temporal and spatial properties was recently described by Osorio (1987 Osorio ( , 1991 in the locust medulla. The main difference between this locust cell and the on-off unit is that Osorio found an antagonistic effect when he stimulated different areas of the receptive field simultaneously with an increment and a decrement. One interpretation of this is that the spatial pooling occurs before rectification, but it might also be caused by lateral inhibition following rectification. Also, in the vertebrate retina cells which closely resemble the blowfly on-off unit have been reported. Ganglion cells with a transient response to both the onset and the cessation of light, without directional selectivity and with a relatively large receptive field have been described in frog (Hartline 1938) , cat Ion-off cell; Stone and Fabian (1966) ; Lennie (1980) ] and eel [J~ cell; Shapley and Gordon (1978) ]. Also, the non-linear component of the cat Y cell (Enroth-Cugell and Robson 1966; Hochstein and Shapley 1976; Victor and Shapley 1979; Lennie 1980 ) has many properties in common with the blowfly on-off unit. This non-linear component has, like the on-off unit, a transient, rectified response, and a relatively high spatial resolution within a large receptive field. Unlike the cat Y cell, however, the on-off unit does not display a linear component.
In a previous article (Jansonius and van Hateren 1991) we showed that both the temporal resolution and contrast sensitivity of the on-off unit are inferior to that of the large monopolar cell (LMC). The LMC is a graded potential neuron that, like the on-off unit, transmits information from lamina to medulla. As reported here, the spatial resolution of the on-off unit is worse than that of the LMC. Spatially, the LMC roughly equals the photoreceptor (Zettler and J~irvilehto 1972) , as opposed to the on-off unit. Obviously, the on-off unit is not the first and foremost candidate for transmitting details in space and time. What then could be its role? The on-off unit is most sensitive to moving contrast steps, but does not discriminate the direction of the movement or the sign of the contrast. Because its receptive field is much wider than that of a single neuroommatidium, the on-off unit detects a moving contrast step earlier than neurons from the same column whose receptive fields are restricted to a single neuro-ommatidium. In this way, the output of the on-off unit could serve to bring other neurons in the column (either in the lamina or in corresponding columns in subsequent neuropils) in their optimal range for detecting features of the approaching object. Thus, they would not miss details of which the on-off unit itself is not even aware [see also the discussion on the role of Y cells in the cat retina by Lennie (1980) ]. An intriguing possibility is that the on-off unit is involved in the pathway acting to adjust the temporal behaviour of movement-sensitive neurons, an adjustment reported by de Ruyter van Steveninck etal. (1986) and by Maddess and Laughlin (1985) . The properties of the on-off unit agree reasonably well with the spatial and temporal conditions required for adapting the time constant of the H1 neuron (de Ruyter van Steveninck et al. 1986 ).
